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Topological Pions 

Yang Bai and Adam Martin 
Theoretical Physics Department, Fermilab, Batavia, Ilhnois 60510 

We study the collider signatures of new pions, composite particles which emerge from a TeV-scale, 
confining gauge theory with vector-like matter. Similar to the neutral pion in QCD, these new pions 
mainly decay into a pair of standard model (SM) gauge bosons via triangular anomaly diagrams. 
One of the new pions, which decays to a gluon plus a photon, has excellent discovery potential at 
the LHC. 

PACS numbers: 12.60.-i, 14.80.-j 
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Introduction. If new strong dynamics lies at the 
TeV-scale, its discovery may repeat the same history 
as the discovery of QCD. New pions, the Nambu- 
Goldstone Bosons (NGBs) from spontaneous chiral sym- 
metry breaking in the new sector, would be the lightest 
composite particles and the first encountered at colliders. 
If the underlying strong-sector fermions have vector-like 
quantum numbers under the new gauge group and under 
all SM gauge groups, the resulting pions can only decay 
via triangular anomaly diagrams into pairs of SM gauge 
bosons. This is analogous to the 7r° in QCD^ which decays 
predominantly to two photons, tt*^ 77 The discov- 
ery these di-boson resonances would provide us with the 
first hint of strong dynamics beyond the standard model. 

Other strongly coupled extensions of the SM, such as 
technicolor also predict various new pions (there called 
technipions) . Technipions, however, typically have siz- 
able couplings to SM fermions and the resulting 
fermionic decay modes completely dominate over any 
anomaly induced channels. In technicolor, SM fermions 
must communicate with technifermions in order to be- 
come massive, thus direct interactions between technip- 
ions and SM fermions are inevitable. However, if new 
pions come from a sector unrelated to electroweak sym- 
metry breaking, as in Ref. 0], no direct interaction in- 
volving SM fermions is necessary. In this case, only SM 
gauge bosons directly talk to the new strongly interacting 
sector. 

In this letter, we use a simple and representative exam- 
ple to study new pions from a new asymptotic-free gauge 
theory SU{Nn). Due to their NGB nature, the new pions 
are light degrees of freedom below the confinement scale 
A„ and are the most relevant new states at colliders (2^ . 
For underlying fermions with vector-like charges under all 
SM gauge groups, the new pions are in the adjoint repre- 
sentations. A particularly interesting pion multiplet, and 
the focus of this note, lies in the bi-adjoint representa- 
tion of SU{3)c X SU{2)w We denote this pion as n^'=^ 
and n'^'", with "A" indicating the color index. Pions in 
this representation have a large production cross section 
at hadron colliders, and their anomaly-induced decays. 
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an electroweak gauge boson. This combination of quan- 



tum numbers leads to unique, relatively clean resonance 
signals. 

As only the SM gauge bosons can directly interact with 
the new pions, pair production of the new pions will be 
dominant at colliders. Jet plus weak gauge boson res- 
onances have been studied before in context of excited 
quarks 0, 0- However, because of different underlying 
dynamics, excited quarks can be singly produced. Hence, 
excited quarks have totally different final states and ex- 
perimental constraints from the new pions explored in 
this paper. 

Electroweak singlet and doublet color octetsfpseudo) 
scalars have been considered in the past [1, [^-Q ■ These 
states share the same production mechanism {gg — > 
n^^II"^) as the bi-adjoint pions considered here, but their 
decays are quite different. Due to the electroweak triplet 
nature of the new pions we consider, electroweak gauge 
bosons will be present in every decay. Meanwhile, elec- 
toweak singlet color octets decay predominantly to glu- 
ons, with decays to electroweak gauge bosons suppressed 
by ^ aem/oLs^ and electroweak doublet octets can mainly 
decay to pairs of SM fermions because renormalizable op- 
erators are allowed. 

The paper is organized as followings. We first analyze 
the spectrum and topological decay modes of a simple 
model with a new pion in the bi-adjoint representation 
of SU (3)c X SU {2)w Afterwards, we investigate the cur- 
rent experimental bounds on H'^'" and perform a collider 
study to estimate its discovery potential at the Tevatron 
and the LHC. The LHC studies are performed with both 
7 TeV and 14 TeV center of mass energy. 

A model with a new strong dynamics. Guided by 
QCD, we assume there exists a new asymptotically-free 
gauge group, SU{Nn), with iV„ > 2. We introduce some 
fermions ipL,R, which are in the fundamental representa- 
tion of SU (Nn) and, unlike in the SM, the new fermions 
are assumed to have vector-like representations under all 
gauge symmetries. Hence, all gauge anomalies are can- 
celled. The gauge groups and field content are listed in 
Table H] The hypercharge of ipL,B. is chosen to be the 
same as the left-handed leptons, though it is not essen- 
tial for our following analysis. In order for the SU{Nn) 
gauge group to be asymptotically-free, the number of fun- 
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TABLE I: Field content of the model with a new strong dy- 
namics. 



damental flavors, Nf, should be less than lliV„/2. This 
is indeed the case for the model in Table HI where Nf = 6. 
Similarly, to maintain the asymptotic freedom of SU{3)c, 
we require 2 < Nn < 5. 

Analogous to Aqcd in QCD, there exists a scale A„, 
where the SU{Nn) gauge coupling becomes strong, in- 
ducing confinement and spontaneous chiral symmetry 
breaking. Motivated purely by phenomenological inter- 
ests, we take the confinement scale, A„, to be around 
the TeV scale. The bi-fermion condensate is approxi- 
mately related to the scale A„ as {-ip}^ ip^^j ~ A^ where 
i = 1,2, - • • ,Nf denote the flavor indexes. Unlike what 
happens in technicolor, the fermion condensation in this 
model does not break any SM gauge symmetries. This is 
a consequence of our choice of vector-like representations 
in Table m 

In the limit of vanishing SM gauge couplings, the 
global symmetry of this model is SU {Nf) l x SU {Nf)ii x 
U{1)a X U{1)b^- The U{1)a is broken by the instan- 
ton effects and will be discarded in the following discus- 
sions. The baryon number symmetry J7(1)b,^ associated 
with those new fermions is unbroken by the condensa- 
tion and stays as a good symmetry. The global sym- 
metry SU{Nf)L X SU{Nf)B_ is spontaneously broken to 
the diagonal group SU{Nf)v, resulting in — 1 = 35 
NGB's, new pions, in the low energy theory. Decompos- 
ing the 35 pions into representations of SM gauge groups 
5f7(3)c X SU{2)w X U{1)y, we have 
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(8,l)o + (l,3)o + (8,3)o. 



(1) 



We parameterize these new pions as 11"^, 11" and H"^'" 
with A — 1, • • • ,8 and a — 1,2, 3. In the following dis- 
cussions, we will concentrate on phenomenology of the 
neutral part of the (8,3)o pion, 11"^'°. Other pions can 
be studied in a similar manner. 

Turning on SM gauge couplings, all pions become 
massive because the global symmetry is explicitly bro- 
ken by the gauge couplings. The masses of new pi- 
ons are generated at one loop level from gauge boson 
loops. For the (8, 3) pion, its mass is estimated to be 
Myia,o = c ^/3gf+2g^ fu with c order of unit and gs 
and f/2 are gauge couplings of SU{3)c and SU{2)w The 
pion decay constant fu is related to the confinement scale 
A„ as A„ ~ 47r/n. Because the SM gauge couplings are 
small at high energies, the new pions all have masses 
well below the confinement scale. The parameter c de- 
pends on UV physics and may be different for each pion 
multiplet. This allows us to study each pion multiplet 
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FIG. 1: The branching ratios of 



separately. Within the (8, 3)o multiplet, the mass of the 
charged component is enhanced compared to the mass of 
the neutral component by 0(100 MeV) due to electro- 
magnetic radiative corrections. 

Topological decays. In the SM, the main decay chan- 
nel of TT*', 7r° — > 77, is mediated by triangular anomalies. 
In our model the leading interactions among new pions 
and the SM particles (besides the pion kinetic terms) 
also come from topological interactions via triangular 
anomaly diagrams. The topological interactions are also 
the only interactions which violate pion number. The 
general form for topological interactions among lis and 
standard model gauge bosons can be written as 



topo 



ffB gc 
16 7r2/n 



}, (2) 



where Ilyi represents different kinds of pions and F^'^ rep- 
resents SM gauge bosons; gB,c are gauge couplings, while 
and t^''^ are fermion representations under the axial 
global current and SM gauge symmetries, respectively. 
The "Tr" acts on every group matrix and also takes into 
account the "color" multiplication factor Nn for the loop 
calculations. Applying the general formula in Eq. ^ for 
II'^'", we arrive at the following interactions: 



C 



topo 



16 7r2/n 



t^i/pa- '-'A a 



(3) 



Here, G and W represent the SU{2>)c and SU{2)v/ gauge 
fields. Due to gauge symmetries, this is the only operator 
at the dimension-5 level. Higher-dimensional operators 
coming from the chiral Lagrangian have negligible effects 
on the width of new pions and will be neglected. 

After electroweak symmetry breaking, the interactions 
involving H^'° can be rewritten in terms of the physical 
Z bosons and the photon A: 



G'X^icwZP'' -swA"-), (4) 
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FIG. 2: Production cross section of a pair of n-*'" at Tevatron 
with 1.96 TeV center of mass energy. The shaded region is ex- 
cluded by various resonance searches at Tevatron as explained 
in the text. 



where cw{sw) = cos 6*14/ (sin 6'w), with 9w as the Wein- 
berg angle. From the interactions of new pions with SM 
gauge bosons, we calculate the partial decay widths 
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The branching ratios as a function of pion mass are shown 
in Fig.[TJ For pion masses far above the Mz, the branch- 
ing ratios become constant, Br(n'^'° 5 -|- 7) sa 22.5% 
and Br(n 
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1 + Z)pi 77.5%. The total width of H 
is always small - 0(10) MeV for a mass of 1 TcV. 

Experimental constraints. Using MAD- 

GRAPH/MADEVENT [10], the total production 
cross section (including quarks as partons) of this 
particle at the Tevatron with 1.96 TeV is shown in 
Fig. [21 Areas excluded by direct Tevatron searches 
are also shown. The first bound on 11'^'*' production, 
indicated by the solid black line in Fig. [21 comes from 
the search for excited quarks decaying as g* — >■ 97 [11| 
performed during Run-1. The fact that Ref. [llj inves- 
tigated single production has been taken into account. 
Limits from a second excited quark channel, q* — qZ 
with Z e+e~ 1^ have also been included and are 
shown in the dashed black line. The final constraint, 
the dot-dashed line, comes from di-photon resonance 
searches at DO [13] ■ To obtain this constraint, we first 
impose the same cuts in [l3| and form the di-photon 
invariant mass distribution. We then require the number 
of signal events to be below the exp erimental error 
shown in the last bin of Fig. 1 in [l3|. As seen from 
Fig. [21 this new pion W^'^ is constrained to have a mass 
above ~170 GeV. The charged partner, 11"^'='=, is nearly 
degenerate with 11"^'°, but has a weaker constraint from 
the long-lived charged massive particle searches. 



FIG. 3: Reconstructed signal and background events as a 
function of one jet and one photon invariant masses. The sig- 
nals are in the red region and the backgrounds are in the gray 
and black regions. From bottom to top, the backgrounds are 
lj+27, 2j+27 and 3^-1-27. The width of this pion, 0(1 MeV), 
is completely negligible compared to energy resolution effects. 



Discovery potential at the Tevatron and the 
LHC. In the following, we concentrate on the channel 



of n 



g + "f, although the g + Z channel may also 



be interesting. For pair-produced 11"^'°, the final state 
is therefore 2j -f- 27. To study this channel, we first 
use MADGRAPH/MADEVENT [10] to generate pairs 



of jjA,o rpj^g jjA,o g^j.g ^Yien decayed using BRIDGE [14] 
into a gluon plus a photon. The dominant irreducible 
SM background comes from inclusive nj +_2^7 with n = 
1, • • • ,4, and is generated with ALP GEN {iTi] . The sig- 
nal and background parton-level events are further pro- 
cessed with PYTHIA 15[ for showering/hadronization 
and PGS [16| for detector simulation. 

At the Tevatron with 1.96 TeV, we choose a 180 GcV 
mass for 11"*'*^ as an example to illustrate the event recon- 
struction. To separate the signal from the background, 
we impose the following cuts: the two leading jets and 
two leading photons must all have pT above 30 GeV, the 
Ht of these four objects must be above 180 GeV, and the 
rapidities of the two photons are restricted to \ri^\ < 2.0. 
For these cuts, the signal acceptance efficiency is around 
20%. To reconstruct the II'^'^, each of the leading jets is 
paired with a photon. Of the two possible pairing assign- 
ments, we choose the combination which yields closer in- 
variant masses for the two reconstructed 11'^^". We record 
the larger jet -\- photon invariant mass in Fig. [31 this is 
justified by the reduction to the invariant mass from ini- 
tial and final state radiation. 

In Fig.[3land from bottom to top, we have the inclusive 
lj-l-27, 2j-|-27 and 3j+2j backgrounds. The n > Aj + 2j 
background is negligible and is not shown. Another back- 
ground is nj + I7 with one or more jets faking a photon. 
This background depends sensitively on fake rates and 
is not shown in this plot, but it will be included in the 
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FIG. 4: Leading order production cross section at the LHC 
for two different center of mass energies. 



discovery potential estimation later. The tt background 
has also been simulated and is found to be negligible. 

Counting events in the five bins near the peak (3 bins 
below and 1 bin above) from 135 GeV to 185 GeV, we 
find S/\/B « 13. A new pion with this mass could cer- 
tainly be found using the current data at the Tevatron, 
though the actual significance will depend on the fake- 
photon background. Exploring a wider range of Mn^.o, 
the required Tevatron S/ \/B — 5a discovery luminosity 
is shown in Fig. [S] 

Turning to the LHG, the leading order production cross 
section is shown in Fig. 2] for both 7 TeV and 14 TeV 
center of mass energy. As the only irreducible back- 
ground is still 2j+ jets, we repeat a similar analysis as for 
the Tevatron. To simplify our presentation, for a given 
MnA.o we apply the following mass-dependent cuts: lead- 
ing photon and jet pT > Afn/3, subleading photon and 
jet pT > Mn/6 and Ht > max(Mn,3Mn - 600 GeV). 
After cuts, the reconstructed jet-photon invariant masses 
are binned in 20 GeV, and we estimate the significance 
by counting signal and background events within the five 
bins closest to the peak. The luminosity required for 
5 a discovery for different pions masses has been calcu- 
lated and is shown in Fig. [5] To account for possible 
background from jets faking photons, we repeat the same 
procedure using twice the background and show the re- 
sult in the dashed lines of Fig. [5l This corresponds to a 
fake background equal to the simulated two photon back- 
ground and is a rough estimate of the maximum pollu- 
tion from jet- fakes |18| . The region between the zero- fake 
and maximum-fake contours, shaded in Fig. [5l is our es- 
timated discovery luminosity. 

Discussions and conclusions. As we know from 
QCD, topological interactions are important not only to 
explain a single physical observable, but also to help us 
understand the details of the underlying dynamics. If 
new gluon + 'f/Z/W^ resonances are found at the Teva- 
tron or the LHC, the next step would be to measure the 
spin information. Spin information is necessary to dis- 
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FIG. 5: Luminosity required for 5 a discovery as a function of 
MnA,o for Tevatron at 1.96 TeV, LHC at 7 TeV and 14 TeV. 
The dashed lines are the discovery potentials by including 
maximum jet-fake backgrounds. 



tinguish pseudo-NGB resonances from other cases, such 

[ii-iii. 



as the spin-1 resonances studied in ll9|-|22l. Once the 
pseudo-NGB nature has been confirmed, we can mea- 
sure its decay width (though challenging) to determine 
the "color" of the new strong dynamics. 

In conclusion, we have studied the properties of new pi- 
ons, composite particles emergent from chiral symmetry 
breaking in a sector of new, vector-like fermions. We fo- 
cused on the new pion multiplet which lies in a bi-adjoint 
representation of the SM color and weak gauge groups. 
The electrically neutral component of this multiplet has 
a striking, yet unstudied, collider signature from its de- 
cay to a gluon plus a photon. For the Tevatron with 10 
fb~^, we find this particle can be discovered up to a mass 
of MnA.o ~ 200 GeV. At the LHC, we find the discovery 
potential to be Mha.o ~ 280 GeV and M^a.o ~ 480 GeV 
for 1 fb-i at 7 TeV and 10 fb"! at 14 TeV, respectively. 
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